We examined the oxygen isotopic systematics for ammonia oxidation, the first step in the regeneration of nitrate from ammonium. In particular, oxygen isotopic fractionation and exchange with water were evaluated for their roles in determining the d 18 O of nitrite produced by four species of ammonia-oxidizing bacteria (AOB). Microbially catalyzed oxygen isotopic exchange between nitrite and water was less than 25% at low cell densities (10 6 cells mL 21 ) and ammonium concentrations (less than 50 mmol L 21 ). The amount of exchange was relatively constant for a given species of ammonia oxidizer but varied between 1% and 25% among the four species tested. The d 18 O value of nitrite produced at a given water d 18 O value also varied by nearly 10% among the different species. Isotopic fractionation, either during oxygen (O 2 ) incorporation by ammonia monooxygenase and/or water incorporation by hydroxylamine oxidoreductase plays an important role in setting the d 18 O of nitrite produced by AOB. This work provides a detailed characterization of the oxygen isotopic systematics of ammonia oxidation by AOB, which will help us better interpret the oxygen isotopic distributions of nitrite, nitrate, and nitrous oxide in terrestrial and aquatic environments.
Nitrogen is an essential macronutrient whose supply can limit primary production and carbon export from the surface ocean on seasonal, annual, decadal, and millennial time scales. Nitrate (NO { 3 ) is the primary form of fixed nitrogen in the sea, and much research has focused on quantifying its sources and sinks. Still, present-day mass and isotope budgets of oceanic nitrate contain significant uncertainties, with some estimates yielding a net nitrate loss of approximately 200 Tg N yr 21 (Codispoti et al. 2001; Brandes and Devol 2002) and some yielding a nearly balanced budget (Gruber and Sarmiento 1997) . These discrepancies reflect uncertainties in the rates of ecologically and biogeochemically important microbial reactions that affect the cycling of both nitrogen and carbon. Resolving the uncertainties in the budget is important for understanding the controls on primary productivity in the past, present, and future. In addition, the turnover of nitrogen controls the production and consumption of nitrous oxide (N 2 O), a climatically important trace gas.
Nitrogen isotope ratios in nitrate (d 15 N NO 3 (% vs. AIR) 5 {( 15 R NO 3 4 15 R AIR ) 2 1} 3 1000, where 15 R 5 15 N : 14 N and AIR refers to the standard atmospheric N 2 ) have been used to generate a marine fixed nitrogen budget (Brandes and Devol 2002; Deutsch et al. 2004) . Nitrogen fixation introduces new forms of bioavailable nitrogen, while denitrification and anammox in the water column and marine sediments remove bioavailable nitrogen from the deep-ocean inventory. Nitrogen isotope budgets suggest that sedimentary denitrification is much more important than water column denitrification and may account for as much as 80% of total oceanic denitrification, or as much as 280 Tg N yr 21 (Brandes and Devol 2002) . For the oceanic nitrogen cycle to be balanced, the amount of nitrogen fixation may be higher than current estimates suggest (135 Tg N yr 21 ; Deutsch et al. 2007 The application of sensitive new high-throughput methods for simultaneous nitrogen and oxygen isotopic analyses of nitrate (Sigman et al. 2001; Casciotti et al. 2002) has enabled measurements of d 18 O NO 3 to be made in a variety of oceanographic regions. In deep waters (below , 2500 m), d
18 O NO 3 values reach consistent values of +1.5% to +2.5% (Casciotti et al. 2002; Sigman et al. 2009 ). However, for oxygen isotopic signatures in nitrate to be used effectively as a budgetary constraint in isotope-based models, the isotope effects of processes that produce nitrate (nitrification) and consume it (nitrate reduction during denitrification, assimilation, and dissimilatory nitrate reduction to ammonium) must be understood. Many of the oxygen isotope effects for nitrate consumption have recently been determined (Granger et al. 2004 (Granger et al. , 2008 Lehmann et al. 2004) . However, at this time we lack fundamental understanding about the d 18 O variations produced by nitrification, which leads to uncertainty in interpretations of the d 18 O signatures of oceanic nitrate, nitrite, and nitrous oxide.
Nitrification and d
18 O NO 3 -Nitrification occurs as a twostep process whereby ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) convert ammonia to nitrite and nitrite-oxidizing bacteria (NOB) convert nitrite to nitrate. During the bacterial nitrification process, the biochemical sources of oxygen atoms are dioxygen (O 2 ) and water (H 2 O) (Andersson and Hooper 1983; Kumar et al. 1983) . O 2 is incorporated during the oxidation of ammonia to hydroxylamine (NH 2 OH), while H 2 O is incorporated during the oxidation of both hydroxylamine to nitrite and nitrite to nitrate (Fig. 1) . While the ratio of 1 : 2 oxygen atoms from O 2 and H 2 O implied by these observations is commonly used to interpret the oxygen isotopic content of nitrate (Kendall 1998; Burns and Kendall 2002; Wankel et al. 2006) , the utilization of this ratio involves the assumptions that exchange and fractionation of oxygen isotopes during nitrification are minimal. Although in some cases observed d 18 O NO 3 values do appear to be explained by the biochemical stoichiometry (Mayer et al. 2001) O,2 , respectively). In most cases, kinetic isotopic fractionation leads to preferential reaction or incorporation of molecules containing the light isotopes ( 16 k : 18 k . 1 for a ''normal'' kinetic isotope effect), although for nitrite oxidation this is not necessarily the case (Casciotti 2009; Buchwald and Casciotti in press) .
Equilibrium isotope effects, denoted by 18 e eq (%) 5 {( 18 R 1 : 18 R 2 ) 2 1} 3 1000 (where 18 R 1 and 18 R 2 are the oxygen isotope ratios of two species in equilibrium), arise from differences in the zero point energies of the isotopically substituted molecules and lead to unequal distribution of oxygen isotopes between the species at equilibrium. In Fig. 1 , we include the equilibrium isotope effect between NO { 2 and H 2 O, which has been determined for abiotic equilibration of these species at room temperature (Casciotti et al. 2007 ).
The primary goal of this study was to develop a quantitative understanding of oxygen isotopic signatures in nitrite produced during ammonia oxidation. This information will aid interpretation of d 18 O variations in nitrate, nitrite, and N 2 O in a variety of environmental settings and can be included in oxygen isotope budgets of marine fixed nitrogen, which are analogous and complementary to those generated from nitrogen isotopes.
Methods
Bacterial strains and culture conditions-Batch cultures of AOB Nitrosomonas sp. C-113a, Nitrosococcus oceani, Nitrosospira briensis, and Nitrosomonas europaea were maintained in semicontinuous batch culture by periodic (every 2-4 weeks) replacement of 50% of the culture volume with fresh medium. The marine strains C-113a and N. oceani were grown in Watson artificial seawater medium (Watson 1965) containing 5 mmol L 21 ammonium chloride (NH 4 Cl), while the terrestrial strains N. briensis and N. europaea were grown in Walker medium (Soriano and Walker 1968) , also containing 5 mmol L 21 NH 4 Cl. For each strain, 1000-mL volumes of maintenance culture were propagated in 2000-mL culture flasks. Cultures were grown in the dark without shaking at 23uC and were neutralized with 1 mL 0.3 mol L 21 K 2 CO 3 three times prior to harvesting. These strains were chosen to cover known phylogenetic and functional diversity among cultured AOB.
Oxygen isotopic exchange and fractionation experimentsBatch cultures were grown in medium with a range of 18 Olabeled H 2 O to determine the amount of oxygen isotopic exchange and fractionation for each of the four AOB species listed above. One of the two main variables in these experiments was the partial pressure of oxygen (pO 2 ), which was tested at two levels: 20.265 kPa (air) and 0.811 kPa. The other primary variable in these experiments was the concentration of initial ammonium ([NH . This stock solution was added in 2.5-, 5.0-, or 10.0-mL volumes to 500 mL prepared medium to achieve final media d
18 O H 2 O values between 26% and +88%. Each batch of medium was then divided into 100-mL aliquots in four replicate 500-mL bottles, sealed with gray butyl septa, and autoclaved. After autoclaving, each bottle was purged with an N 2 : O 2 mixture for 2 h to achieve the target pO 2 , which was verified through electron-capture gas chromatographic analysis of the headspace gas prior to initiation of the experiment. The bottles were then adjusted to pH 8.2 using 0.1 mol L 21 sterile potassium carbonate to minimize abiotic oxygen isotopic exchange between nitrite and H 2 O.
Cells for isotopic exchange experiments were harvested from approximately 500 mL of maintenance culture by gentle filtration, then were washed and resuspended in 10 mL of 0.22-mm-filtered fresh or seawater, depending on the culture's salinity requirements. The experiments were initiated by the injection of 1 mL washed cell suspension into replicate 500-mL serum bottles that had been prepared with specified [NH Chemical and isotopic analyses-Concentrations of ammonium and nitrite were analyzed spectrophotometrically by the indophenol blue assay (Solorzano 1969 ) and the Greiss-Ilosvay assay (Strickland and Parsons 1972) , respectively. Bracketing standards (0-50 mmol L 21 ) were produced gravimetrically and analyzed in parallel for both ammonium and nitrite. 
This equation can be rearranged to group terms containing 2). We also assume that the 18 e eq that has been determined for abiotic oxygen atom exchange between nitrite and water (Casciotti et al. 2007) applies to the enzymatically catalyzed oxygen atom exchange during ammonia oxidation (x AOB ) and nitrite oxidation (x NOB ). This is justified since enzymes are understood to accelerate the approach to equilibrium but not the equilibrium point of a system. These calculations also assume that oxygen atom exchange occurs between H 2 O and NO (Dua et al. 1979; Hollocher et al. 1981 
Results
Time course results for d 15 N and d 18 O-The results from a typical time course experiment for ammonia oxidation by C-113a are shown in Fig. 2 . Ammonium was quantitatively oxidized to nitrite in each of the experimental bottles, with no significant differences in the rates of ammonia oxidation between bottles with differing d
18 O H 2 O values ( Fig. 2A) . The uninoculated bottles showed no significant change (p . 0.05) in the concentrations of ammonium ( Fig. 2A) or nitrite (not shown). d 15 N NO 2 increased by approximately 34% over the time course, corresponding roughly to reaction progress (Fig. 2B) . These trends are consistent with Rayleigh fractionation for an accumulated product (Mariotti et al. 1981 ) with expressed isotope effects of +36.2 6 1.4% to +42.6 6 2.2%. d
18 O NO 2 showed comparatively little change over the course of the experiment in a single bottle; however, large differences in d
18 O NO 2 were observed between bottles, which largely followed the d
18 O H 2 O value of the growth medium (Fig. 2C) .
The (Fig. 2C ) and the control bottles (Fig. 2D) for each experiment yield the amount of microbially catalyzed exchange (from the slope) and a ''fractionation term'' (from the intercept), which includes kinetic and equilibrium isotope effects, as described above (Eq. 2).
The amounts of exchange catalyzed during ammonia oxidation (reported as a percent of nitrite oxygen atoms exchanged) ranged from 1% to 25% for different AOB (Table 1 ). On average, N. oceani catalyzed the greatest amount of exchange, averaging 25 6 5%, followed by C113a with 23 6 5%, N. europaea with 11 6 3%, and finally N. briensis with 1 6 6%. For each species, variations in exchange with ammonia oxidation rate and growth conditions, such as pO 2 (20.265 kPa vs. 0.811 kPa) or initial [NH Oxygen isotopic fractionation during ammonia oxidationIn addition to differences in catalyzed exchange, the four species of AOB also had different kinetic isotope effects for oxygen atom incorporation. The reason for the observed differences among species is not known at this time. The patterns of oxygen isotope fractionation showed an inverse relationship to bulk ammonia oxidation rates, with Nitrosomonas species (lower fractionation) oxidizing ammonia more rapidly than Nitrosococcus or Nitrosospira (higher fractionation). However, changes in ammonia oxidation rate caused by growth conditions for a single species did not show a consistent trend. For example, while lowered pO 2 slowed ammonia oxidation rate for all organisms tested, these experiments showed decreased oxygen isotope fractionation in Nitrosomonas species but no significant change in fractionation for the other organisms. Further work is needed to separate the effects of oxygen isotope fractionation at O 2 and H 2 O incorporation steps in order to better understand the reasons for the species-level differences observed here.
Nitrogen isotopic fractionation during ammonia oxidation-Nitrogen isotope effects for ammonia oxidation calculated from time course [NO { 2 ] and d 15 N NO 2 data using the Rayleigh accumulated product equation (Mariotti et al. 1981) ranged from +30% to +46% for individual experiments and showed no statistically significant difference (p . 0.05) among species (not shown). There was also no significant correlation between nitrogen isotope effects and oxygen atom exchange, oxidation rate, [NH z 4 ], or pO 2 , although there was a weak negative correlation between nitrogen isotope effects and isotope effects for oxygen atom incorporation (r 2 5 0.43). We conclude that variations in nitrogen isotope effects for ammonia oxidation are driven by factors largely independent of oxygen isotope exchange and fractionation.
Discussion

Constraints on the d
18 O NO 3 source signature-While oxygen isotopic measurements of nitrate in seawater have been possible only in recent years, their interpretation has already provided important insights into the cycling of nitrate in the marine environment, such as diagnosing the input of newly fixed nitrogen in oxygen deficient waters (Sigman et al. 2005) , detecting the influence of euphotic zone nitrification (Wankel et al. 2007) , and examining the reoxidation of nitrite to nitrate on the fringes of oxygendeficient zones (Sigman et al. 2005; Casciotti and McIlvin 2007) . These studies have made the assumption that nitrification produces nitrate with a d 18 O value near that of ambient H 2 O (0% to +3%), but the lack of specific information about the oxygen isotopic systematics of nitrification has contributed uncertainty to many of these interpretations.
The oxygen isotopic systematics for nitrification also provide information needed for using d 18 O NO 3 to constrain the oceanic nitrogen budget. Nitrification is the process (Sigman et al. 2009 ).
While the sources of oxygen atoms to nitrate have been shown to be from O 2 and H 2 O (in a 1 : 2 ratio; Andersson and Hooper 1983; Kumar et al. 1983) , direct incorporation of these substrates with no isotopic fractionation or exchange would lead to production of nitrate with a d 18 O value of +7.8% to +12%, depending on d 18 O O 2 values, which in seawater can range from +23.5% to +40% vs. VSMOW (Bender 1990; Levine et al. 2009 ). Oxygen isotopic exchange between nitrite and H 2 O is a mechanism that has been proposed for lowering the d 18 O value of newly produced nitrite relative to the oxygen atom substrates and therefore subsequently lowering the expected d 18 O of newly produced nitrate to the observed values (Casciotti et al. 2002; Sigman et al. 2005) . However, recent work has shown that a large equilibrium isotope effect is associated with oxygen atom exchange between nitrite and H 2 O (Casciotti et al. 2007) , which implies that exchange would drive d 18 O NO 2 toward +14% rather than 0%. As shown in Eq. 3, only a large kinetic isotope effect for H 2 O incorporation during nitrite oxidation ( 18 e k,H 2 O,2 . +20%) could then allow for production of nitrate with a d 18 O value less than +2.5% after full equilibration:
Here we show that the nitrite produced by AOB undergoes less than 25% enzymatically catalyzed exchange and that the nitrite produced (in water with (Casciotti et al. 2002; Sigman et al. 2009) . Using a multibox model of the ocean, Sigman and colleagues (2009) (Andersson et al. 1982) . However, high cell densities and high [NH z 4 ] in these earlier experiments could have led to local decreases in pH, which would accelerate abiotic oxygen atom exchange. Indeed, it was later shown that the amount of exchange could be reduced using lower cell densities (Andersson and Hooper 1983) . In our experiments, even lower [NH z 4 ] (5-50 mmol L 21 ) and cell densities (, 10 6 mL 21 ) were used. In addition, pH was carefully controlled, and the effects of abiotic exchange were carefully evaluated using parallel control bottles. We argue that although the AOB cell densities and [NH z 4 ] are still higher than most marine settings, the amount of exchange observed here is likely to be more representative of that catalyzed by AOB than the high levels reported in earlier studies.
We also recognize that AOA, which are ubiquitous and abundant in ocean waters (Francis et al. 2007) , may have different oxygen isotopic systematics than AOB and will need to be studied in order to gain a complete understanding of oxygen isotopic variations in nitrite, nitrate, and N 2 O. Given that H 2 O incorporation (and presumably exchange) is catalyzed by the enzyme hydroxylamine oxidoreductase (HAO) in AOB (Andersson et al. 1982; Andersson and Hooper 1983) , it should be noted that the AOA Nitrosopumilis maritimus apparently lacks an HAO analogue (Klotz et al. 2008) and may have an alternate mechanism for production of nitrite from ammonium. This potential biochemical difference could yield different oxygen isotopic systematics (fractionation and exchange) for nitrite production by AOA, compared with AOB. (Burns and Kendall 2002; Kendall and Aravena 2002) .
While the possibility of O atom exchange between NO { 2 and water has been proposed as a mechanism for d 18 O NO 3 variations, the amount of exchange occurring in a given system has not routinely been determined. In addition, while isotopic fractionation during nitrification has been discussed as a potential factor in setting d 18 O values of nitrite and nitrate in some early work (Mayer et al. 2001; Kendall and Aravena 2002) , the isotopic fractionation has generally been assumed to be negligible, and the magnitude of this effect has not been determined experimentally. Based on the results of the current study, it is important to consider the roles of both oxygen isotopic exchange and fractionation, in addition to variations in the (Barnes et al. 2008) and San Joaquin delta (Wankel et al. 2006) Nitrous oxide production by AOB-In addition to tracing the role of nitrification in nitrite and nitrate cycling, the results for oxygen isotopic exchange and fractionation during ammonia oxidation are important for understanding the production of N 2 O, a climatically important trace gas. N 2 O is produced largely by microbial processes of nitrification and denitrification and is also consumed by denitrification (Stein and Yung 2003 (Ostrom et al. 2000; Popp et al. 2002) , representing a greater role for nitrifier denitrification in N 2 O production in this depth range. This interpretation is consistent with the oxygen isotope systematics for ammonia oxidation determined in this study. However, information on the oxygen isotopic systematics of N 2 O production during nitrification is needed to fully interpret the magnitude of the d 18 O difference between N 2 O and O 2 . The experimental observations reported here provide relevant information for N 2 O source determinations, but studies focused on fractionation of oxygen isotopes during N 2 O production and consumption by individual microbial pathways are still needed.
